The effect of energetic ion bombardment on the properties of tantalum thin films was investigated. To achieve such energetic ion bombardment during the process the Ta thin films were deposited by deep oscillation magnetron sputtering (DOMS), an ionized physical vapor deposition technique related to high power impulse magnetron sputtering.
Introduction
Tantalum is a refractory metal with a number of unique characteristics and attractive properties such as low electrical resistivity, high melting point, and excellent chemical inertness at temperatures below 150°C [1, 2] . Due to these characteristics Ta has many applications, for instance as heat and wear resistant protective coatings, as-diffusion barriers in integrated circuits and magnetic disk drives [3] [4] [5] . Tantalum exists in two distinct phases: a stable α-phase with a body-centered cubic lattice structure and a metastable β-phase with a tetragonal lattice structure. The tough and ductile α-phase is required in most industrial applications, such as diffusion barrier layers, metallic corrosion protective layers, and in biomedical devices. Bulk Ta metal has the α-phase structure while the β-phase appears in thin films. The β-phase is hard and brittle, and its presence may compromise the film performance. According to the state of the art, formation of the β-phase in magnetron sputtered films can be prevented by manipulating the deposition parameters, such as sputtering gas, energetic ion bombardment, substrate temperature and substrate material [6] [7] [8] [9] [10] . Among these, it was found that the use of energetic ion bombardment on the growing film played an important role in the tantalum film structure and properties [18] .
In direct current magnetron sputtering (DCMS) the most influential deposition parameter with respect to ion bombardment on the growing film is the substrate bias.
However, applying a negative bias to the substrate only allows us to extract process gases (Ar) ions from the plasma as the ionization degree of the sputtered material is very low (e.g., 1%-3%). In recent years, new magnetron sputtering deposition techniques that allow producing highly ionized fluxes of sputtered material have been developed. High peak power is applied to the target for a short period of time causing much higher plasma densities than in DCMS by ionization of the sputtered species by electron impact. Two of these recent developments, called High-power Impulse Magnetron Sputtering (HiPIMS) [11] [12] [13] [14] , and Modulated Pulsed Power Magnetron Sputtering (MPPMS) [15] [16] [17] , were already used for the deposition of tantalum thin films. Alami et al. [18] found that HiPIMS allowed us to control the Ta phase formation and established a bias voltage window for deposition of α-tantalum on Si. Lin et al. [19] found that all α-tantalum films are deposited by MPPMS when the negative bias voltage was -50 V or greater. In both cases the energetic bombardment of the growing film was achieved by substrate biasing. Recently, a new HIPIMS process called deep oscillation magnetron sputtering (DOMS) [20] [21] [22] [23] [24] 4 was developed. This process uses large voltage oscillation packets in long modulated pulses for achieving high peak target currents and voltages. The authors have shown previously that the DOMS process allowed us to tailor the microstructure and properties of metal and nitride thin films without the need of substrate biasing [25] [26] [27] . Therefore, it is expected that the energetic ion bombardment in DOMS could also be used to tailor the phase composition and improve the structure and properties of tantalum thin films without the use of substrate bias and/or substrate heating.
In the current study, tantalum thin films were deposited on silicon by DOMS at different peak powers in order to have different levels of ion bombardment. The structure, morphology and mechanical properties of tantalum thin films were characterized. The ion energy distributions (IEDs) were measured using an electrostatic quadrupole plasma mass spectrometer (HIDEN EQP 300) both for DOMS or DCMS process. Five films were deposited by DCMS with the increase of the substrate bias for comparison purposes.
Experimental procedure

Film deposition
Tantalum thin films (of 2 µm of thickness) were deposited on Si (100) substrates using a continuous D.C. power source (Huttinger PFG 7500 DC) and a DOMS power supply (HiPIMS Cyprium™ plasma generator, Zpulser Inc.). An example of the DOMS discharge voltage and current wave forms used in this work is shown in Figure 1 . The voltage on-time (t on = 6 μs), oscillation period (T = 50 μs) and pulse duration (D = 1250 μs) were kept constant for all depositions, while the pulse frequency (F) was automatically adjusted by the DOMS power supply software in order to maintain a specified time-averaged power. The tantalum thin films were deposited by DOMS with the increase of the peak power (Pp) in order to increase the ionization of the sputtered material during the process. 
Ion energy distribution measurements
The ion energy distributions (IEDs) were measured using an electrostatic quadrupole plasma mass spectrometer (HIDEN EQP 300). This equipment can measure up to 1 keV/charge and is assisted by 70 l/s turbo pump for differential pumping of the instrument. The tantalum target with a diameter of 7.6 cm was mounted in front of the EQP orifice (100 μm diameter) with a 10 cm distance between them. An average target power of 600 W was used for both DOMS and DCMS. The IEDs were measured from 0 to 100 V scan voltage with a step size of 0.5 V and a 1000 ms dwell time. In accordance with the reference [41] , after the measurements the raw data were corrected for the double charge ions by multiplying the scan voltage by two and dividing the count rate by two to account for the energy bin width. The following ions were analysed: Ta + , Ta 2+ , Ar + , Ar 2+ .
It has to be mentioned that the here-presented distributions merely provide a semiquantitative description of the energy distributions involved during the DOMS tantalum sputtering process because difficult-to-assess instrument functions such as the acceptance angle distort the measured functions.
Film characterization 7
The crystal structure of tantalum thin films was analysed by X-ray diffraction (XRD) (PANalytical X'Pert PRO MPD) using Cu Kα radiation (45 kV and 40 mA) with a parallel beam in θ-2θ geometry. The incident beam optics consisted of a hybrid monochromator (with a Cu W/Si mirror and a double crystal Ge (220)). A parallel plate collimator (0.7°) and Soller slits (0.004°) were mounted on the path of the diffracted beam. A PIXcel detector in receiving slit mode was used for X-ray collection. The thickness and morphology of the films were studied by scanning electron microscopy (SEM) using a Quanta 400FEG ESEM. The SEM images obtained for the cross section and surface area in this work were achieved with a 2 keV beam. The film topography and roughness were examined by atomic force microscopy (AFM) using a Bruker Innova equipment in contact mode. Images with a surface area of 2 µm x 2 μm resolution. The hardness of the films was measured by nano-indentation (MicroMaterialsNano Tester) using a Berkovich diamond indenter. The hardness was evaluated from loaddisplacement curves using the depth-sensing method. Hardness measurements were done with 10 mN loads in order to ensure an indentation depth less than 10 % of the coating´s thickness. 16 hardness measurements were performed on each specimen.
Results
Ion energy distribution functions
The time-averaged ion energy distributions (IEDFs) for 181 Ta + , 181 Ta 2+ , 40 Ar + and 40 Ar 2+ ion species measured from the DOMS plasma obtained at different peak powers for a MPPMS discharge. The Ar 2+ IEDs (figure 2b) exhibit a low energy peak centred close to 9 eV for both processes although the number of ions is almost one order of magnitude higher in DOMS than in DCMS. Once again, this peak corresponds to thermalized ions accelerated over the substrate (or detector entrance)
sheath. However, the IEDFs of the DOMS process exhibit an additional high energy tail with increased maximum energy (from 30 to 48 eV) with increasing peak power. could also explained the highly energetic Ta ions produced by the DOMS discharges generated in this work. Note however that the total count of Ta + ions decreases with increasing peak power. Although the fraction of ionized sputtered metal species increases with increasing peak power [14], the total number of metal ions reaching the substrate can decrease due to several effects, such as back-attraction of ionized metal species and the yield effect, that also cause a deposition rate decrease with increasing peak power
[38]. The Ta 2+ IEDF in DCMS (figure 2d) exhibit a peak energy at 8 eV and a tail extending up to 25 eV. The amount of Ta 2+ ions is much lower than Ta + ions while the more pronounced low energy peak shows that the Ta 2+ are either more efficiently thermalized or generated outside accelerating field structures than the Ta + ions. In the 9 DOMS discharge the Ta 2+ IEDF exhibits a peak energy close to 10 eV and a tail extending to even higher energy than for the Ta + ions, i.e., reaching between 95 and 120 eV depending on the applied peak power. Furthermore, the ions count in the high-energy portion of the Ta 2+ IEDF increases with increasing peak power.
As the metal IEDFs (Ta + and Ta 2+ ) in DOMS exhibit much larger high energy tails than the process gas IDEFs (Ar + and Ar 2+ ) and a large fraction of the ion species within the plasma are highly energetic Ta ions. During a DOMS deposition the growing Ta film will be under intense and energetic bombardment of Ta ions while in DCMS most of the ions reaching the substrate are process gas ions with much lower energy. Figure 3 shows the X-ray diffraction patterns (between 30º and 45º) of Ta thin films deposited by DCMS with increasing substrate bias (0, -30, -50, -80 and -120 V).
Direct Current Magnetron Sputtering (DCMS)
The X-ray diffractograms exhibit β-Ta (002) peaks for all bias values. These results agree well with previous works [18, 25, 26] . The β-Ta (002) peak is shifted to higher diffraction angles (to smaller lattice spacing) as compared to the corresponding diffraction pattern standard, which is most probably due to the development of tensile stresses in the films.
The peak shift decreases with increasing peak power and at the highest bias (-120 V) the β- Ta 
Deep Oscillation Magnetron Sputtering (DOMS)
The deposition rate of the tantalum thin films deposited by DOMS is shown in figure 5 . The deposition rate was calculated by dividing the film thickness (measured by SEM) by the deposition time. An increase of the peak power by a factor of almost three results in a loss of 43 % in deposition rate. The loss of deposition rate in DOMS [22] [23] [24] , and more generally in HIPIMS [35] [36] [37] [38] [39] , as compared to DCMS, is well documented in the literature. The deposition rate decreases with increasing peak power in HIPIMS due to the back-attraction of some of the ionized sputtered metal species to the target, the socalled return effect. On the other hand, the yield effect results from the lower efficiency of the sputtering process at the typically higher process voltages in HIPIMS, as compared to DCMS, which originates in the sub-linear energy dependence of the sputtering yield The cross-section and surface morphology of Ta thin films deposited by DOMS has been observed by SEM (Figure 7) . In cross-section all Ta thin films exhibit a columnar morphology with closely-packed columns and compact grain boundaries. This morphology corresponds to the T zone in the generalized structure zone diagram [43] , and it was also observed in previous works with the use of DOMS power supply [22, 23] .
The Ta thin film deposited with 130 kW reveal two different types of fracture, the lower part of film (nearby the substrate) exhibits a brittle fracture while the upper part exhibits a ductile fracture. Myers et al. observed the same behaviour and attributed these different fractures types to the presence of different Ta phases [33] . This is in agreement with the X-ray diffractions which revealed a mixed phase structure. The surface of the film deposited with a peak power of 49 kW displays dense, regularly spaced grain facets similar to the ones reported by Ren et al. for α-Ta [42] . Increasing the peak power results in similar but lower sized features on the film surface, even for the film deposited at 130 kW as α-Ta was deposited on the upper part of the film. The average roughness (measured by AFM) of Ta thin films deposited with increasing peak power is displayed in figure 9 . The increase of peak power, i.e., increase of ion bombardment, results in a decrease of the roughness in two steps. This result agrees well with the decrease of the surfaces structures observed in SEM and AFM analyses. The Ta thin films deposited by DOMS up to 105 kW consist only of the α-Ta phase.
Compressive stress are formed while the grain size is smaller than in the DCMS films. On the other hand, increasing the peak power leads to the deposition of more compact microstructures with much lower surface roughness. As was shown in section 3.1, the DOMS plasma is dominated by highly energetic Ta + and Ta 2+ ions which bombard the substrate during film grow. The momentum transfer to the film is then much more effective than in DCMS as it is directly carried out by the film-forming species. As a result, pure α-Ta is deposited while the films microstructure evolves according to the peak power, i. e., according to the energy and flux of the bombarding ions. The DOMS process allows us to deposit pure α- Ta acceleration in the target sheath, and, although some of this energy will contribute to an increase of the sputtering yield this will also contribute to an increased energy of the sputtered species. As a result more energetic metallic ions will reach the substrate in DOMS as compared to MPPMS.
The XRD analyses shows that a mixed α-and β-Ta film was deposited by DOMS at the highest peak power (130 kW). Accordingly, the hardness of this film is higher than that of the pure α-Ta films deposited by DOMS at lower peak power. The SEM cross section of the film clearly shows that the film consists of β-Ta in the lower part while α-Ta is grown in the upper part. Alami et al.
[18] reported on an energy window for the deposition of pure α-Ta by HIPIMS. The authors concluded that the window's higher energy limit was due to relaxation of the film stress under energetic ion bombardment.
On the other hand, Ino et al. [6] found that the β-Ta phase is always formed at higher energies, i. e., when higher bias voltages (above 25 V) are used to accelerate the argon ions impinging on the growing film. The authors concluded that β-Ta formation was caused by the defects induced by the recoil implantation of Ta atoms in the excessive high-energy ion bombardment conditions. Both explanations cited above for the formation of the β-Ta phase under energetic bombardment during deposition are consistent with the results obtained in this work. A relaxation of the film stress with increasing peak power was observed by X-ray diffraction while the more compact microstructures and much lower roughness of the films deposited with increasing peak power could be explained by re-nucleation due to increasing defects formation, morphology that corresponds to the zone 3 in the generalized structure zone diagram [43] .
Conclusions
The IEDFs measurement of the DCMS and DOMS discharges using a tantalum target revealed very different plasma environments for each deposition process. The DCMS plasma is dominated by low energy process gas ions while the DOMS discharge contains a large fraction of highly energetic (up to 120 eV) Ta ions. Although substrate biases up to -120 V were used in DCMS, all the deposited films consist in pure β-Ta. This result was attributed to the ineffective indirect momentum transfer from the Ar ions to the growing film that results in insufficient energy supply to grow the α-Ta phase. In contrast, α-Ta was formed in all films deposited by DOMS without the need of substrate biasing (samples at ground potential) and/or substrate heating. The momentum transfer to the film is much more effective than in DCMS as it is directly carried out by the film forming species. As a result, the films microstructure evolves according to the peak power, i. e., according to the energy and flux of the bombarding ions. The DOMS process allowed us to deposit pure α-Ta without the addition of supplementary equipment and without the need of substrate biasing as reported in previous works.
